ABSTRACT
INTRODUCTION
Transcriptome profiling is a powerful tool for understanding gene function, classifying of 48 cell type and state, and investigating human diseases [1] [2] [3] . Transcriptome can be more such as identify novel cell types 16 , reveal key players in cell differentiation 17 , and 72 reconstruct the developmental trajectory in early embryonic development 18 .
74
The retina is an example of heterogeneous tissues and is composed of multiple neuronal signal 19, 20 . Transcriptome of human retina has been reported using bulk tissue RNA-80 seq 21, 22 , and the overall gene expression profiles from different retinal regions (macular 81 and peripheral region) were compared 23 . These studies provided the general 82 transcriptomic information of the retina as a whole tissue, while they were not sufficient 83 to reveal the complexity of the retina at individual cell type resolution. In addition, 84 transcriptomic study of selected cell types of the human and primate retina were 85 performed but were not sufficient to obtain the complete picture of all major cell types 24, 25 .
86
However, the profiles of individual cell types, particularly types that account for a small 87 portion of the retina, will offer important insights to the biology and disease. For example,
88
it is often observed that one cell type, such as the cone cells in the cone-rod dystrophy
89
(CRD) and the retinal ganglion cells in glaucoma, is the primary target of the disease 26, 27 .
90
Given the great benefit of obtaining the transcriptome at individual cell type or even 91 individual cell level, single-cell RNA-seq on human retina tissue is highly desired.
93
Recently, single-cell RNA-seq studies have been performed on mouse retina, both with 94 the whole retina 28 and with specifically enriched cell types 29, 30 . These studies provided 95 unprecedentedly high-resolution transcriptomic data of each cell types and allowed for 96 novel cell subtype discovery. The success of these studies supported the feasibility of 97 single-cell studies on human retina using similar approaches. Despite the rich dataset 98 from the mouse, it is essential to perform parallel study on the human retina given the 99 considerable differences between the human and mouse. For example, the mouse retina 100 lacks the macula region of the retina of humans and primates 31,32 , a structure which is patterns. Here, we report the first transcriptomic study on healthy human retina tissues 104 by using snRNA-seq. snRNA seq is an improvement over the standard single-cell RNA 105 seq for profiling samples such as the neuronal tissue [33] [34] [35] [36] Overall, our study reported the first transcriptome profile of all major cell types of human 124 retina at individual cell resolution, which would serve as a rich resource for the community. Nuclei from frozen neural retinal tissue was isolated using RNase-free lysis buffer (10 mM with DAPI (4',6-diamidino-2-phenylindole, 10ug/ml) and were diluted to 1000 μl of 3E4/ml with a robotic stage to visualize wells containing single nuclei (see Table 1 For mouse single-cell RNA-seq, the expression data was obtained from GSE63473 28 .
223
Matrices from seven P14 mice, GSM1626793-1626799, were used for analysis. Gene Table 1 ). Based on the number of nuclei in each cluster,
268
we were able to quantify the proportion of each cell type in the sample. As shown in Figure   269 2D-E, composition of different cell types from human peripheral retina was generally Table 2 ). Gene 278 ontology enrichment analysis of biological process terms were performed with these 279 DEGs (Supplement Table 3 
341
Our finding might be able to contribute to the explanation of why macula photoreceptors 342 are more vulnerable then peripheral ones. In conclusion, the cell-type based macular-343 peripheral comparison reveals regional variances that bulk RNA-seq cannot achieve. Table 2 ). These genes show significant Table 5 ). GO analysis on biological process terms revealed that these genes 378 enrich terms such as visual perception, response to stimulus, sodium ion membrane 379 transport, and cilium assembly (Supplement Table 4 ). Previous study in mice retina has cones compared to rods, as is shown in Figure 4D . Consistent with the expression pattern, 394 patients with mutations in RPGRIP1 and RD3 show LCA and CRD phenotype, which has 395 more severe defects in cones than rods. In contrast, in the mice dataset, these two gene
396
show no differential expression in rod and cone ( Figure 4D ). Consistently, KO mouse 397 models of these two genes are reported to display RP like phenotypes 71-73 , which were 398 resulting from rod cells early affections. Therefore, the differences in mouse and human 399 phenotype is likely due to difference in cell specific expression of the gene. Thus, the 400 human cone profile we report here show increased relevance to human diseases and 401 would serve as a better resource for human study. http://www.sph.uth.tmc.edu/RetNet/) (Supplement Table 7 ). As expected, robust 412 expression of most of these known IRD genes (197 of the 234) could be detected in our 413 dataset (Supplement Table 7 ). Additionally, the detected IRD genes are expressed at 414 significantly higher level than average ( Figure 5A , p-value = 2.27e-07, two-sample t-test). Table   444 8), such as GNGT1, RDH8 and RCVRN. Protein encoded by GNGT1 is known to locate Table 8 ). These genes could The utility of snRNA-seq on human retinal tissue is assessed in our study. snRNA-seq is 534 a viable alternative method to single-cell RNA-seq which is more practical for human 535 tissue study because it could be applied to frozen neuronal tissue. In addition, snRNA-536 seq has less bias on sampling as it is not affected by factors such as cell size. Gao et al 537 reported that, in breast cancer cells, the snRNA-seq was representative of single-cell 538 RNA-seq 15 . Our single-nuclei profiles showed a good correlation with bulk RNA-seq of the same sample, and the cell type profiles also displayed consistency with published 540 human retinal cell markers (Supplement Table 1 ).
542
The transcriptome profiles of human retinal cell types could be a useful tool for 543 researchers. For example, we observed significant enrichment of IRD genes among the 544 genes with specificity in photoreceptor cells. In addition, the rest of the list also contains 545 multiple genes that were linked to mouse eye phenotypes. Thus, we would use this list 546 as a reference in prioritizing genes for novel IRD gene discovery. Additionally, it should 547 not be neglected that some genes with specificity in other cell types were also found to 548 be IRD genes or cause mouse eye phenotype. Besides the uses we addressed here, our 549 findings could also be useful for other studies. For instance, the cell type markers reported 550 in our data would facilitate approaches in cell purification of the human retina, which may 551 lead to better cell type profiles in the future. 
